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Reversible paramagnetism to ferromagnetism in transition metal-doped
TiO2 nanocrystals prepared by microwave irradiation
Garry Glaspell, Asit B. Panda, and M. S. El-Shalla
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Received 21 December 2005; accepted 4 October 2006; published online 21 December 2006
TiO2 nanoparticles doped with 1%, 5%, and 10% M M =Co, Fe, and Ni were prepared by
microwave irradiation and characterized using x-ray diffraction, transmission electron microscopy,
and magnetometry. The as-prepared samples are found to be paramagnetic at room temperature,
with the magnetic susceptibility following the Curie-Weiss law in the investigated range of
2–300 K. However, transformation from paramagnetism to room-temperature ferromagnetism
RTFM was observed by hydrogenating the samples at 400 °C. Reheating in air converted the
samples back to paramagnetic while rehydrogenating the samples again induced ferromagnetism. It
is argued that the reversible RTFM observed is due to interaction between the dopant metal ions and
oxygen vacancies produced during hydrogenation. X-ray diffraction of the hydrogenated Co- and
Fe-doped samples shows only a single TiO2 phase suggesting that the observed RTFM may be
intrinsic, but for the Ni-doped samples the magnetism may arise from metallic Ni on the surfaces of
the TiO2 nanoparticles. © 2006 American Institute of Physics. DOI: 10.1063/1.2400805
I. INTRODUCTION
The design, synthesis, and characterization of dilute
magnetic semiconductors DMSs have recently attracted
considerable attention.1–3 These materials represent ideal
systems for spin-based semiconductor devices which are ex-
pected to offer improved performance, lower power con-
sumption, and higher speeds than the conventional charge-
based systems.1–3 Among different semiconductor hosts that
have been investigated for DMS applications, the transition
metal-doped TiO2 materials have been the subject of intense
research since the report of room-temperature ferromag-
netism RTFM of the Co-doped TiO2 thin films by Matsu-
moto et al.4 Although a large number of Co-doped TiO2
systems have been studied, the origin of RTFM has not yet
been clearly established.5–22 The major question of the con-
troversy is whether the ferromagnetic coupling results from
the presence of segregated Co clusters because of the high
Curie temperature of bulk Co TC1388 K Refs. 8 and 10
or from the substitution of Co2+ ions for the Ti4+ ions which
results in the exchange coupling between the Co ions
through the charge carriers induced by oxygen defects.4,5
Clearly, the preparation conditions, the distribution and con-
centration of the Co ions, and the microstructures of the
doped TiO2 materials will influence the observed magnetic
properties.5–22
In a recent study, Manivannan et al. have prepared 10%
Co/TiO2 mainly anatase powder by a sol-gel technique and
found it to be paramagnetic PM in the 2–370 K range.16,23
However, by heating the sample to 400 °C in a H2/Ar mix-
ture part of the PM sample was converted into RTFM, and by
reheating the sample at 300 °C in air, the sample was con-
verted back to PM.23 The reversible nature of the PM to FM
state was taken as evidence that the observed RTFM in the
hydrogenated sample is due to CO2+ exchange interaction
mediated by the oxygen vacancies produced by
hydrogenation.9,23 Since the sample preparation by the sol-
gel technique and the nature and distribution of the dopant
can alter the PM to FM reversibility, it is important to inves-
tigate these effects in samples prepared by alternative meth-
ods.
Herein, we report the preparation of transition metal
M-doped TiO2 nanoparticles M =Co, Fe, and Ni using a
simple approach based on the microwave synthesis of nano-
particles from metal salts in solutions. Microwave irradiation
MWI has several advantages over conventional solution
synthesis methods since selective dielectric heating, due to
the difference in the solvent and reactant dielectric constants,
can provide significant enhancement in reaction rates which
results in short reaction time, small particle size, narrow size
distribution, and high purity.24–30 Furthermore, MWI meth-
ods are unique in providing scaled-up processes without suf-
fering thermal gradient effects, thus leading to a potentially
industrially important advancement in the large-scale synthe-
sis of DMS nanomaterials.
II. EXPERIMENT
Synthesis of the transition metal-doped doped TiO2
nanoparticles was achieved following the preparation of tita-
nium hydroxide by the hydrolysis of titanium isopropoxide
in a water-alcohol mixture under basic conditions. The pre-
cipitate of TiO2·nH2O was filtered and washed exten-
sively. The required amount of hydrous titanium oxide was
then slowly dissolved in dilute nitric acid with continuous
stirring for 30 min at room temperature, resulting in a clear
solution of aqueous titanium nitrate. The appropriate amount
of aqueous CoNO32, FeNO33, or NiNO32 solution was
then added with continuous stirring. Dropwise addition of
dilute ammonia to this solution up to pH 12 resulted in the
formation of metal hydroxide solution with highly dispersedaElectronic mail: selshall@hsc.vcu.edu
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metal ions. Immediately after hydroxide formation, dilute ni-
tric acid was added to the solution to make the pH of the
solution 5 and the solution was immediately transferred to
a conventional microwave oven and irradiated for 30 min.
The microwave power was set to 33% of 650 W and oper-
ated in 30 s cycles on for 10 s off 20 s for 30 min. After
irradiation, the pH of the solution was again adjusted to 12
by the addition of ammonium hydroxide and the solution
was reirradiated. The microwave reirradiation under basic
pH conditions ensures that no free metal ions remain in the
solution. After drying, parts of the resulting powders were
used for magnetic measurements and the remaining parts
were used for the hydrogenation treatment carried out at
673 K. The hydrogen reduction setup consisted of a tube
furnace with a gas flow control unit. The sample contained in
an open glass boat and placed inside the tubule furnace
where a 5% H2/Ar gas mixture was passed over the sample
for 4 h at 673 K. All reagents were purchased from Aldrich
Chemical Co. and used without further purification.
The x-ray diffraction XRD patterns of the powder
samples were measured at room temperature with an X’Pert
Philips Materials Research diffractometer, with Cu K1 ra-
diation. The samples were mounted on a silicon plate for
x-ray measurements. Transmission electron microscopy
TEM was carried out using a JEOL JEM-1230 electron
microscope operated at 120 kV. Temperature T and mag-
netic field H variations of the magnetization M of the
as-prepared and treated samples were measured using a com-
mercial superconducting quantum interference device mag-
netometer SQUID, Quantum Design.
III. RESULTS AND DISCUSSION
Figure 1a displays the XRD patterns of the 10% Co-
doped TiO2 sample under different conditions according to
i as prepared, ii after hydrogenation at 673 K, iii after
heating in air at 673 K following the hydrogenation step, and
iv after rehydrogenation at 673 K. It is evident that the
XRD patterns match well with that of the anatase phase of
TiO2 Ref. 31 with a trace amount of the brookite phase32
also present. However, no evidence of peaks corresponding
to the Co dopant is found, indicating that the Co is well
dispersed throughout the TiO2 lattice. It is important to note
that the Co peaks are not observed even after repeated cycles
of heating in a H2/Ar mixture and in air at 673 K. The
volume-weighted average crystalline size calculated from the
XRD peak width using Scherrer’s equation33 indicates that
the average TiO2 particle size is 7 nm. This value agrees
well with the TEM images of the as-prepared and the hydro-
genated samples shown in Figs. 1b and 1c, respectively.
Figure 2a top shows the temperature dependence of
the magnetic susceptibility =M /H for the as-prepared 10%
Co/TiO2 prior to hydrogenation. The paramagnetic nature
of the sample is evident from the excellent fit of  to the
Curie-Weiss law: =0+C / T−, with =−0.9 K. This de-
pendence is similar to the one reported for 10% Co/TiO2
prepared using a sol-gel synthesis.16,23 From the Curie con-
stant C=1.710−3 emu K/gOe C=N2 /3kB, with N being
the number of magnetic ions/g, kB Boltzmann constant, and
 magnetic moment, Co2+=3.3B is obtained. This
magnitude of  is somewhat smaller than the value of 4.1
obtained for the 10% Co/TiO2 prepared using the sol-gel
procedure.16 However, the assumption is still that Co2+ sub-
stitutes for Ti4+ in the anatase unit cell with the balance of
the charge compensated for by the surrounding oxygen. After
hydrogenation at 400 °C for 4 h, the sample is transformed
into a ferromagnetic as indicated by the temperature depen-
dence of  measured under zero-field-cooled ZFC and
field-cooled FC conditions, as shown in Fig. 2a bottom.
However, this ferromagnetic behavior cannot be attributed to
the presence of Co nanoparticles in our sample since no peak
was observed in  for the ZFC case. Observation of a peak in
 under ZFC conditions is considered a signature of the
blocking temperature TB for cobalt, as reported for the thin
films of Co/TiO2.12
The M vs H variations for the as-prepared 10% Co/TiO2
sample prior to and after hydrogenation are shown in Fig.
2b. The linear variation of M vs H for the as-prepared
sample is indicative of paramagnetism while the hydrogen-
FIG. 1. a XRD patterns for 10% Co/TiO2: i as prepared, ii hydrogen-
ated, iii reheated in air, and iv rehydrogenated. For the assignment of
XRD, A=anatase and B=brookite. b TEM micrograph of the as-prepared
10% Co/TiO2 nanoparticles. c TEM micrograph of 10% Co/TiO2 nano-
particles after hydrogenation.
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ated sample shows full hysteresis loops from 5 to 300 K.
The remanence Mr M at H=0 and coercivity Hc H at M
=0 measured at 5 K were 2.53 emu/g and 1077 Oe, respec-
tively as shown in Table I. Hysteresis loops were also ob-
served at 300 K with a remanence and coercivity of
1.98 emu/g and 381 Oe, respectively, as shown in Table I. It
is significant to note that at both 5 and 300 K, the coercivity
is more than double the values obtained for the 10%
Co/TiO2 samples prepared by the sol-gel technique.16 The
average magnetic size can be determined from the slope of
the magnetization near zero field with the major contribu-
tions arising from the largest particles. Using Eq. 1
below,34 where k is the Boltzmann constant, T is the tem-
perature, dM /dH is the slope near zero field, Ms is the satu-
ration magnetization, and  is the bulk density of Co, an
upper bound for the magnetic size can be estimated, as
shown in Table I.
dmax = 10kT

dM/dH
Ms
2 1/3. 1
The small value of the magnetic size 3 nm, smaller than
the actual TiO2 nanoparticles as determined from the TEM
data also indicates that the Co is well dispersed in the TiO2
sample, thus confirming the uniform mixing during the mi-
crowave irradiation.
Reheating the sample in air 400 °C transforms the ob-
served ferromagnetism back to its original paramagnetic
character. It is significant to note that the sample again fol-
lows the Curie-Weiss behavior, and the Curie constant after
reheating is similar to that observed in the as-prepared
sample, as shown in Fig. 2c. Also, Co2+=3.3B for the
reheated sample is similar to the corresponding value of the
as-prepared sample, which indicates that hydrogenation does
not affect the state of the Co in the TiO2 lattice. This ulti-
mately supports the claim that the observed RTFM arises
from the produced oxygen vacancies. The linear M vs H
observed for the reheated sample in air, and the hysteresis
loops measured after rehydrogenation, shown in Fig. 2d,
confirm the reversibility of the PM to FM transition in the
10% Co/TiO2 sample. The coercivity and remanence ob-
served at both 5 and 300 K after rehydrogenation are similar
to the values obtained from the first hydrogenation, as shown
in Table I.
The temperature variation of the coercivity Hc of the
10% Co/TiO2 sample after the first hydrogenation indicates
a critical temperature Tc the temperature at which spontane-
ous magnetization vanishes of approximately 435 K. This
value is close to the Tc obtained for the rehydrogenated
sample 488 K which indicates that the state of Co remains
unaffected within the TiO2 lattice after repeated cycles of
hydrogenation. The Tc obtained for the rehydrogenated
sample is similar to the Tc determined for the hydrogenated
10% Co/TiO2 prepared via the sol-gel process
Tc470 K.16
We have also measured the magnetic properties of 2.5%
Co/TiO2 and 5% Co/TiO2 samples prepared by MWI to see
if controlled PM to FM transformations are possible with
different doping levels. The 2.5% Co/TiO2 sample followed
the Curie-Weiss behaviors both for the as-prepared and after
hydrogenation, indicating that at such small doping level, not
enough Co2+ exists within TiO2 lattice to induce FM after
hydrogenation. However, hydrogenation of the 5% Co/TiO2
sample resulted in the transformation to RTFM. It is signifi-
cant to note that the observed coercivities at both 5 and
300 K of 5% Co/TiO2 sample are similar to the values de-
FIG. 2. Color online Temperature dependence of the magnetic susceptibil-
ity  for 10% Co/TiO2: a, top as prepared, a bottom after hydroge-
nation under field-cooled FC and zero-field-cooled ZFC conditions. b
M vs H variations measured at 5 K for the as-prepared and hydrogenated
10% Co/TiO2 samples. c top Temperature dependence of the magnetic
susceptibility  for 10% Co/TiO2 reheated in air and rehydrogenated c
bottom under FC and ZFC conditions. d M vs H variations measured at
5 K for the reheated in air and rehydrogenated 10% Co/TiO2 samples.
TABLE I. Temperature variations of the remanence Mr and the coercivity
Hc data of Co- and Fe-doped TiO2 nanoparticles after hydrogenation for
4 h at 400 °C.
Sample
Mr
emu/g
Hc
Oe
Ms
emu/g
Magnetic
size nm
Critical
temp K
5% Co/TiO2
hydrogenated
4.7 466
T=5 K 0.87 1170 1.94
T=300 K 0.68 368 1.66
10% Co/TiO2
hydrogenated
3.2 435
T=5 K 2.53 1077 6.54
T=300 K 1.98 381 5.00
10% Co/TiO2
rehydrogenated
3.2 488
T=5 K 2.75 905 6.73
T=300 K 1.95 378 5.39
10% Fe/TiO2
hydrogenated
3.1 1074
T=5 K 0.25 325 3.66
T=300 K 0.16 268 2.06
10% Fe/TiO2
rehydrogenated
4.3 952
T=5 K 0.19 272 3.08
T=300 K 0.013 231 1.86
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termined for the 10% doped sample. This result suggests that
the ratios of Co2+ to the oxygen vacancies are similar for
both the 5% and 10% doped samples, which implies that
Co2+ may prefer to reside inside the TiO2 nanoparticles
rather than on the surface. Also, the critical temperature cal-
culated for the 5% doped sample 466 K is close to that of
the 10% doped sample 435 K providing further evidence
that the state of Co is the same in both samples. Table I lists
the remanence Mr, the coercivity Hc, the saturation magne-
tization Ms, the magnetic size domain, and the critical tem-
perature Tc determined for the samples prepared by MWI.
Similar reversible behavior was observed for the Fe-
doped TiO2 system. Figure 3a displays the XRD patterns of
the 10% Fe-doped TiO2 sample i as prepared, ii after
hydrogenation at 673 K, iii after heating in air at 673 K
following the hydrogenation step, and iv after rehydroge-
nation at 673 K. Similar to the Co-doped system, no XRD
peaks corresponding to the dopant are present, indicating that
the Fe is well dispersed throughout the TiO2 lattice. The
TEM images of the as-prepared and the hydrogenated
samples, shown in Fig. 3b, indicate that the samples consist
of nanocrystals with an average size of 5–7 nm. Hydrogena-
tion converts the sample from paramagnetic to a ferromag-
netic. The linear M vs H variation shows hysteresis after
hydrogenation as shown in Fig. 3c with the relevant values
reported in Table I. While reheating the sample in air again
converts the sample back to paramagnetic which displays a
linear M vs H variation at 5 K, as shown in Fig. 3d, the
sample does not exhibit a pronounced deviation between the
FC and ZFC cases as observed in the Co-doped system. This
result indicates that the state of Fe may change during hy-
drogenation of the 10% Fe-doped TiO2 sample. However,
this change is not evident in the XRD data shown in Fig.
3a. On the other hand, the data shown in Table I indicate a
significant increase in the magnetic size domain and a de-
crease in the critical temperature of the 10% Fe-doped TiO2
sample after the rehydrogenation cycle. Therefore, the
change in the state of Fe during hydrogenation cannot be
ruled out from the current data.
For the Co- and Fe-doped systems it appears that the Co
and Fe are well dispersed throughout the titania lattice. How-
ever, for the Ni-doped TiO2 system, we observe a different
scenario. The reversible PM to FM behavior was observed
even for the 2.5% Ni-doped TiO2 sample after hydrogena-
tion. As the Ni concentration increases to 10%, the critical
temperature also increases consistent with increasing the
amount of Ni on the surfaces of the TiO2 nanoparticles. The
XRD pattern of the as-prepared 10% Ni-doped TiO2, shown
in Fig. 4a, matches well with the anatase pattern with no
observed peaks corresponding to Ni. The temperature depen-
dence of  for the as-prepared 10% Ni-doped sample also
follows the Curie-Weiss behavior with a calculated Ni2+
FIG. 3. a XRD patterns for 10% Fe/TiO2: i as-prepared, ii hydrogenated, iii reheated in air, and iv rehydrogenated. b TEM micrographs of the
as-prepared 10% Fe/TiO2 nanoparticles left and after hydrogenation right. c M vs H variations measured at 5 K for the as-prepared and hydrogenated
10% Fe/TiO2 samples. d M vs H variations measured at 5 K for the reheated in air and rehydrogenated 10% Fe/TiO2 samples.
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=1.8B somewhat lower than the accepted value of 3.2.35
Hydrogenation converts the sample from paramagnetic to
ferromagnetic with observed hysteresis loops, as shown in
Fig. 4b. However, the XRD pattern of the hydrogenated
sample indicates the presence of metallic Ni, as shown in
Fig. 4a ii. Reheating the hydrogenated sample in air con-
verts the sample back to paramagnetic which again displays
the Curie-Weiss behavior similar to the as-prepared sample.
Rehydrogenation again induces RTFM although the XRD
pattern after rehydrogenation does not show the characteris-
tic diffraction from the 111 plane of Ni observed in the first
hydrogenation treatment. The observation of the 111 dif-
fraction peak from Ni in the XRD pattern of the first hydro-
genation treatment may suggest that the observed RTFM of
the 10% Ni-doped TiO2 could be induced by metallic Ni
present within the TiO2 nanoparticles. However, it is not
clear why the metallic Ni is not observed in the XRD pattern
of the repeated hydrogenated sample. It is clear that further
studies are needed in order to conclusively establish the ori-
gin of the RTFM in the Ni-doped TiO2 nanoparticles.
IV. CONCLUSIONS
In conclusion, we have demonstrated the synthesis of
transition metal-doped TiO2 nanoparticles via microwave ir-
radiation. The significance of the current method lies mainly
in its simplicity, flexibility, short reaction times, high purity,
high yield, and the control of the different factors that deter-
mine the magnetic properties of the doped titania. The XRD
data of the Co-and Fe-doped TiO2 show the formation of the
anatase phase without any indication of the presence of me-
tallic dopants. While it is generally accepted that XRD does
not detect small quantities 2% , we believe that the ab-
sence of a blocking temperature and the small domain size
calculated for the Co- and Fe-doped samples, even at 10%
loading, provides strong evidence that the metals are well
dispersed within the titania lattice. We have shown that the
as-prepared samples are paramagnetic, hydrogenating the
samples transform the samples to ferromagnetic, and that this
phenomenon is reversible. Theoretically, it has been sug-
gested that oxygen vacancies are essential to provide the ex-
change coupling between the doped ions leading to RTFM;
thus, the hydrogenation experiments are likely to extract
oxygen from the titania lattice producing oxygen vacancies
which may account for the reversibility of the RTFM.
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